Recently, an increase in work concerned with the organization of enzymes in a semi-or completely immobilized form within the living cell has appeared (17). Three ofthe enzymes ofCO2 fixation, ribulose-P2 carboxylase (18), ribulose-5-P kinase (1 1), and aldolase (5), are at least partially associated with the thylakoid membrane in spinach or pea chloroplasts. In spinach chloroplasts, G6PD4 (EC 1.1.1.49) (24) and NADP-linked malic dehydrogenase (23) also are partitioned between soluble and membrane fractions. The purpose of the present experiments was to examine the association of G6PD with membranes in the pea leaf chloroplast.
(K+), 2 mm MgC12, and 2 mM EDTA (K+), pH 7.2 (resuspension solution).
Experiments with Intact Chloroplasts. Intact chloroplasts were suspended in resuspension solution to give the specified Chl concentrations. The light or dark treatment was done for 20 min at 25 C. The light source was two General Electric 150-w, 120-v flood lamps (General Electric Co., Cleveland, Ohio), which gave a light intensity of 5500 ft-c at the surface of the tube containing the chloroplast suspension. Dark tubes were foil wrapped. Where 2Presnt address: Koor Foods Ltd., Algae Project, Eilat, Israel. 3 To whom requests for reprints should be addressed.
4Abbreviation: G6PD, glucose-6-P dehydrogenase.
not specified, suspensions were not protected from fluorescent room lights. The chloroplasts were lysed by 10-fold dilution with cold 2 mm MgC12. The broken chloroplast suspension was centrifuged for 10 min at 27,000g, and the stromal solution was assayed for G6PD activity. In some ofthe experiments, we used a Beckman Microfuge B (90 s, 10,000g) for rapid separation of the thylakoids (Beckman Instruments, Spinco Division, Palo Alto, CA). This enabled us to assay the stromal enzyme 2 to 3 min after the chloroplasts were lysed. The pH of the stromal fraction in this case was 7.1.
Experiments with Isolated Thylakoids. Chloroplasts were lysed, and the thylakoids were collected by centrifugation (see above).
In these experiments (with the exception of the experiment in Table III) , the thylakoids were washed with cold 50 mM Hepes (K+), 10 mm KC1, 1 mLm EDTA, and 2 mm MgCl2, pH 6.5, and then resuspended in the appropriate solution and allowed to stand for 1 h on ice. To release enzyme with high pH, the thylakoids were incubated in 0.2 M borate (Na+), 2 mM MgCl2, pH 8.9 buffer. After this incubation, the suspension was centrifuged (10 mi, 27,000g), and the supernatant was assayed for released G6PD.
When G6PD activity on the membranes was to be measured, the thylakoids were suspended in 50 mM Hepes (K+), 10 mM KC1, 2 mM MgCl2, 1 mm EDTA (pH 7.2).
Enzyme Assay. G6PD was assayed by the method of Muto and Uritani (19) Thylakoids were washed with water and then suspended in different salt solutions of equal (by calculation) ionic strength, 0. 1053 ,u. These solutions were 5 mM in Hepes (K+) (pH 7.2). The suspensions were incubated on ice for I h. Chl concentration was 85 ,ug/ml. The enzyme released was assayed after centrifugation. In these experiments, G6PD assay mixture was made 5 mm in MgC12. (10) .
membrane fraction (Table II) . The polyvalent phosphate and sulfate anions seem to be much more effective than is the monovalent chloride anion in effecting release of the membrane-bound enzyme. EDTA at 2-mM levels did not cause release of G6PD from the membrane fraction (Table II) ionic strengths, Pi stimulates the activity of the sweet potato enzyme (20) , and, in black gram (7) , Pi activates at low concentrations and inhibits at higher levels. The Pi effect could, then, be the result of changes induced in the enzyme as a result of interaction of the enzyme with the modulator, Pi.
Pi causes release of G6PD from the thylakoid membrane (Table  II; Fig. 2 ). The level which results in 50%o release of the enzyme, 24 mm, is close to levels of Pi (4 to 25 mM), in chloroplasts of several higher plants, reported by Heber and Santarius (13) . The similarity in the Kd value and reported Pi levels makes it seem likely that Pi is an important factor in controlling the proportion of bound to free G6PD enzyme molecules in the chloroplast. The Pi-induced release of the enzyme may partially explain Huber's experiments (14) , in which Pi was found to inhibit light inactivation of G6PD in intact chloroplasts.
Sulfate, which like Pi causes release ofG6PD from the thylakoid membrane, is known to inhibit the yeast enzyme (6) and to stimulate the sweet potato enzyme at lower ionic strengths (20) . The sulfate effect, like the Pi effect, may then be due to interaction of the enzyme with modulator (in this case sulfate).
NADPH is a very effective specific eluting compound while NADP, NADH, NAD, and the adenine nucleotides are much less effective (Table III) . Glucose-6-P and 6-P-gluconate have essentially no effect on the enzyme binding. When the elution of the membrane-associated G6PD by NADPH was studied in more detail, the maximal effect was found at relatively low concentrations (Fig. 3) . Fifty percent of maximal release was found with 0.5 pM NADPH. The real level of NADPH in the experiment was probably lower, since NADPH would be expected to bind to other thylakoid proteins, decreasing the real concentration. Hence, the Kd is probably even lower than 0.5 /IM. NADPH is known to inhibit the spinach enzyme competitively with respect to NADP (15) . NADPH also inhibits the pea leaf enzyme; 0.2 mm gave 27% inhibition in the experiment shown in Table II , and 0.5 mm gave 13% inhibition of the spinach enzyme (15) . The Ki, calculated from the data of Lendzian and Bassham (15) , is about 90 ILM for the spinach enzyme. This is considerably higher than the 0.5-,UM level required for 50%o release of the enzyme from the pea leaf chloroplast membrane fraction. On the other hand, the Ki of the sweet potato enzyme is 10 pm (21) , and, in black gram, NADPH makes the dependence of the enzyme on NADP sigmoidal (7). It is possible, then, that the elution is due to interaction of NADPH at the inhibitor site. Unlike NADPH inhibition, however, the NADPH-dependent release is not affected by NADP. When NADPH was 5 p,m, 500 IM NADP did not change release of the enzyme from the thylakoid fraction (data not shown). These results suggest that some specific binding exists between the thylakoid membrane and G6PD. Light-Dependent Relase of the Enzyme. Pea leaf chloroplastic G6PD is known to be inactivated in the light (1). Light also causes release of the bound enzyme from the thylakoid (Table I ). It seems possible that more G6PD is membrane bound in vivo than can be measured in these experiments and that this light-induced release is an important regulatory mechanism.
Scheibe and Anderson (22) have recently shown that the activation of this enzyme is thioredoxin-dependent. In the present experiments, we found that light-inactivated G6PD in the stroma was reactivated during incubation at 25 C in the dark. No changes in activity were found with the enzyme released from the particulate fraction from light-or dark-treated chloroplasts. Addition of stromal extract from light-or dark-treated chloroplasts did not result in activation of the enzyme released from the thylakoid fraction (data not shown). Apparently, the enzyme released from this fraction cannot be activated. It must be in the dark, active form when it is released from the thylakoid fraction and when it is bound in the intact chloroplast.
The pH dependency curves of the light and dark forms of the enzyme differ (Fig. 4) . This is in contrast to the report of Anderson and Duggan (4), who found no change in the pH dependency curve of this enzyme after light treatment. In those experiments, the entire lysed chloroplast was used; here, different fractions including the active bound form were used, which probably accounts for the discrepancy. Like NADP-linked glyceraldehyde-3-P dehydrogenase (4), light modulation affects the pH dependency of the enzyme; in this case, there is essentially no shift in the optimum.
The activity at pH 8.6 is compared to the activity at pH 7.6 in 4 . pH dependence of stromal and thylakoid G6PD after light or dark treatment of intact chloroplasts. After 20-min light, (0), or dark, (0), treatment, the chloroplasts (33 ,ug Chl ml-') were lysed by addition of 9 volumes of 2 mm MgCl2 and centrifuged (1.5 min at 10,000g). Activity of the stromal fraction was assayed immediately (panel A) and after 90 min of incubation at 25 C (panel B). Enzyme was released from the thylakoids by treatment with 10 mm Tris-HCl, 2 mm MgCl2 (pH 8.6) for I h at 0 C (panel C). pH was determined in each case before activity was assayed. the thylakoids after light or dark treatment of the chloroplast, and for the reactivated stromal enzyme from light-treated chloroplasts. Release with NADPH results in an enzyme which is similar to the dark stromal form with respect to pH dependence (data not shown). The bound enzyme from light-treated chloroplasts, then, resembles the dark-active form rather than the light-inactive form. These results again suggest that the stromal enzyme is reassociating with the thylakoids in the dark and that the enzyme is released from the thylakoids in the light. It seems possible that release occurs concomitantly with inactivation. It is known that a change in conformation accompanies light inactivation of this enzyme (3). It seems possible that the function of the conformational change is release of the enzyme from the membrane. Light inactivation of G6PD might then be a necessary, but not necessarily significant, result of light-induced change in conformation.
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